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Abstract: External stimuli-responsive worm-like micelles (WLMs) have the potential for a wide range of
applications. In particular, sugar (a polyol compound)-responsive WLMs have the potential for use in smart-
drug release systems. Phenylboronic acid (PBA) functions as a cis-diol sensor in a similar manner it does as
a glucose sensor. Thus, WLMs, primarily composed of surfactants and PBA, are expected to function as cis-
diol-responsive viscoelastic systems. PBA also reacts irreversibly with hydrogen peroxide (H,0,) and is
converted into phenol and boric acid. H,O, is one of reactive oxygen species crucial for several physiological
processes. Therefore, H,O,-responsive WLMs have the potential for various applications. In this review, we
describe cis-diol- and H,O,-responsive micellar systems composed of cetyltrimethylammonium bromide and
PBA moieties that shift their viscosities in response to stimuli.
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1 Introduction (a) HO
Recently, external stimuli-responsive smart materials OH OH- HO o ,Q
have attracted considerable attention. Smart hydrogels can @ @B‘OH = @_I
be used for drug delivery, cell engineering, and analytical 'OH OH
applications' ™. Worm-like micelles (WLMs)are primarily (b)
composed of surfactants and exhibit unique viscoelastic OH |-|202 OH
properties® ®. Compared to spherical micelles, WLMs @ OOH + HO-— B
display a high degree of viscoelasticity due to the entangle- o
ment of micelles. Stimuli-responsive WLMs have the poten- (c) (d) (e)
tial for a wide range of applications. Various stimuli-respon- OH o Ho OH
sive WLMs have been reported, with changes induced by o H o._ OH R
light” | redox reactions” ", temperature shifts''?, pH H Vil OH I HS:?,H
variations” *, and CO,'". Dlol—responswe WLMs have also H OH H Sy § TOH  H—-OH
been reported as novel stimuli-responsive WLMs'"'*'. OH
Phenylboronic acid (PBA)and its derivatives have been Fig.1 (a)Acid-base equilibrium of PBA. and formation of
used as cis-diol sensors. PBA reversibly forms cyclic ester cyclic boronate-ester with diol compounds. (b)
bonds with cis-diol compounds, such as sugars'’ (Fig. 1a). Schematic of reaction of PBA with H,0,. Chemical

By utilizing this characteristic, PBA has been investigated
as a sensor for glucose (Gle, Fig. 1c) analys1s“>, smart

insulin dehvery , and sialic acid-targeting diagnosis/treat-
22)

structures of (c)glucose (shown as o-D-
glucofuranose), (d)fructose(shown as B-p-
fructofuranose), and (e) sorbitol.

ment™ . Therefore, diol-responsive WLMs have potential

applications in drug delivery and analytical chemistry. PBA cal processes, such as cell signaling, cell proliferation, and
also reacts irreversibly with hydrogen peroxide (H,0,)and apoptosisw . H,0O,-responsive materials have been studied
gets converted into phenol and boric acid (Fig. 1b). H,0, is as hydrogels® *”and for fluorescence-imaging analysis® >”.
one of reactive oxygen species crucial for some physiologi- H,0,-responsive WLMs also have the potential for various
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applications. In this review, we describe our research on
stimuli-responsive micellar systems containing PBA moi-
eties that increase their viscosities upon reaction with czs-
diol compounds, such as fructose (Fru, Fig. 1d)** or H,0,*” .

2 Diol-responsive Micellar Systems

Sugar-responsive viscoelastic systems that increase their
viscosities upon reaction with cis-diol compounds, such as
Gl *or Fru33), are desirable for applications in drug de-
livery, analytical chemistry, cell engineering, and medical
engineering. The first diol-responsive WLMs reported con-
sisted of the cationic surfactants cetyltrimethylammonium
bromide (CTAB) and PBA'”. These micellar systems exhibit
gel-like properties between pH 7.4 and 9.4. Interestingly,
the viscosity of the micellar system decreases with Glc ad-
dition. The mechanism of WLM formation and the diol-re-
sponsive viscosity decrease has been elucidated by 'H
nuclear magnetic resonance (NMR), "'B NMR, and “F NMR
using 3-fluorophenylboronic acid (3FPBA)as a substitute
for PBA'"Y. NMR studies have demonstrated that the
driving force behind WLM formation is the cation—=n inter-
action between the quaternary ammonium ion of CTAB
and the neutral 3FPBA (Fig. 2a) . In addition to the cation—
1 interaction, the hydrophobic interaction between the
alkyl chain of CTAB and the benzene ring of the PBA
moiety may also affect micellar transitions. A previous 'H
NMR study showed that the change in the chemical shift of
the methyl group adjacent to the quaternary ammonium of
CTAB with an increasing concentration of coexisting PBA
was larger than that of the terminal methyl group of the
alkyl chain of CTAB'. This suggests that the effect of the
hydrophobic interaction between the alkyl chain of CTAB
and the benzene ring of the PBA moiety is smaller than
that of the cation—r interaction. The mechanism of the diol-
responsive deformation of WLMs is as follows. Upon the
addition of a cis-diol compound, 3FPBA is converted from

Fig.2 Schematic of proposed mechanism of formation of
WLMs (a), and deformation of WLMs by adding Glc
(b). Reprinted with permission from Ref. 18.
Copyright 2021 American Chemical Society.
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a neutral to an anionic form (Fig. 2b). The interaction of
ionized 3FPBA-ester with CTAB is weaker than that of the
neutral 3SFPBA. When PBA forms an ester bond with a cis-
diol compound, such as Glc, the PBA-diol ester becomes
more hydrophilic. This might further reduce the influence
of hydrophobic interactions between the alkyl chains of
CTAB and the benzene ring of the PBA moiety. In addition
to the hydrophobic interactions, the electrostatic interac-
tions between the boronate anion and the quaternary am-
monium part of CTAB might also exist. However, in this
case, the impact of the electrostatic interactions on the mi-
cellar transition would be relatively small compared to the
cation—r interaction. This change implies that the number
of structural components in the WLM decrease, thereby
disrupting the WLMs.

In contrast, we have reported a novel cis-diol-responsive
micellar system that increases viscosity upon the addition
of cis-diol compounds%) . This innovation was inspired by
two previous findings: (1) CTAB forms typical WLMs upon
the addition of sodium salicylate (NaSal)*”, and (2)boric
acid forms cyclic ester bonds with salicylic acid®. It was
expected that the addition of the PBA moiety to a typical
CTAB/NaSal WLM system would induce a viscosity change.
The micellar systems were prepared as follows: System A
(pH 7.5)was prepared with 100 mM CTAB/70 mM NaSal/
100 mM phosphate, and System B was comprised of
System A with 20 mM 3FPBA (Fig. 3). When the micro-
tubes were inverted, System A did not flow down the tube,
whereas System B flowed rapidly. To study the effect of
cis-diol compounds, System B was prepared using Fru,
sorbitol (Sor, Fig. 1€), and Glc. The sample with 1.12 M Fru
or 1.12 M Sor flowed down the tube more slowly compared
to System B. The sample with 1.12 M Glc flowed as rapidly
as System B.

The rheological characteristics were analyzed by evaluat-
ing the relationship between shear rate (y) and viscosity (7)
(Fig. 4a). For System A, n remained constant at a low 7
and started to decrease once y reached a specific threshold
level. This rheological feature is typically observed in
WLMs™*_ The dependence of 7 on y in System B with 1.12
M Fru or 1.12 M Sor was similar to that of System A. The

System A | System B ' System B | System B | System B
3 3 +1.12M |[+1.12M  +1.12M
Fru Sor (&

Fig. 3 Visual appearance of System A, System B, and
System B with different diols. Reproduced from
Ref. 28 under terms of the CC-BY license.
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Fig.4 (a)Steady shear rate (y)-dependent changes in
viscosity (7)in System A, System B, and System B
with diols. (b)Relationship between n, and 3SFPBA
concentration in System A. (c)Relationship
between 1, and diol concentration in System B.
Reproduced from Ref. 28 under terms of the CC-
BY license.

zero-shear Viscosity(no) was obtained by extrapolating the
constant i at low 7 to the y-axis. In System A, 1, decreased
from 156 Pa-s(without 3FPBA)to 0.17 Pa-s(with 30 mM
3FPBA)with increasing 3FPBA concentration (Fig. 4b).
This represents a 1/900 shift in 1, compared to that
without SFPBA, demonstrating that 3FPBA effectively de-
creased 7 in System A. In contrast, in System B with the
cis-diol compounds, 77, increased with increasing concen-
tration of the cis-diol compounds (Fig. 4¢). n, increased
50-fold with 1.12 M Fru, 30-fold with 1.12 M Sor, and only
2-fold with 1.12 M Glc. Fru and Sor were more effective
than Glc in increasing n for System B.

Dynamic viscoelasticity was evaluated to further study
the rheological features. Dynamic viscoelasticity measure-
ments can be used to evaluate changes in both the storage
modulus (G” ) and loss modulus (G”) depending on the fre-

quency (). These two variables are based on Maxwell
37)

model’, as shown in Egs. (1)and(2), respectively,
2 2
. oT
@ = 1+’ Go (1)
,_ T
@ = 1+ Go @

where G, and t are the plateau modulus and relaxation
time, respectively. In the analysis of the rheological behav-
ior using the Maxwell model with a single r, G’ and G” ex-
hibited a semicircular curve in the Cole—Cole plot(G” vs. G”)
(see BEq. (3))*%
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Fig.5 Relationships between storage modulus (G’ )and
loss modulus (G”)in(a)System A, (b)System B
with 1.12 M Fru. The solid and dotted curve-
fittings were calculated according to Eq. 1 and 2,
respectively. (c¢)Cole-Cole plots for System A and
System B with fructose (Fru) or sorbitol (Sor). The
dotted lines represent the fitting curves obtained
using Eq. (3). (d)Changes in relaxation time (r)in
System B with Fru or Sor. Reproduced from Ref.
28 under terms of the CC-BY license.

’ G() : ”2 G(]2

<G _?> +G :T (3)

Figures 5a and 5b show the frequency-dependent be-
haviors of G' and G”. G’ is lower than G” at low o,
whereas G’ is higher at high @ in System A and System B
with 1.12 M Fru. This implies that the sample behaves as a
liquid at low @ and as a gel at high @. Cole-Cole plots were
used to study the presence of WLMs, where the semicircu-
lar profile is a rheological feature of typical WLMs” . Semi-
circular curves were obtained for System A and System B
with 1.12 M Fru or 1.12 M Sor(Fig. 5¢). Therefore, it was
assumed that these micellar systems formed long WLMs.
The 7 is one of the indexes of entanglement of WLMs* *”.
For instance, a high 7 indicates the formation of highly en-
tangled WLMs* *. The intersection of G’ and G” is
defined as w,, and 7 is calculated as the inverse of @,. 7 in-
creased with increasing concentrations of Fru or Sor in
System B (Fig. 5d). This demonstrated that the addition of
Fru or Sor lengthened the WLMs in System B.

The binding constants (K) between 3FPBA and the diol
compounds have been determined using the fluorescence
method with alizarin red S(ARS)'****" (Table 1). The K
value of Gle(1.65 M™')is significantly lower than those of
Fru(188 M ")and Sor(341 M '). The order of K between
3FPBA and the diol compounds is similar to that of PBA'.
The increase in n, in System B almost reflects K. The in-
creasing effect of 7, follows the order of Sor>Fru>Glc. In
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Table 1 Binding constants (K) between 3FPBA and
diol compounds at pH 7.4 in 100 mM
phosphate buffer. Reproduced from Ref. 28
under terms of the CC-BY license.

Diol Binding constant K (M ")
ARS 1223

Sor 341

Fru 188
NaSal 166

Gle 1.65

Fig.6 Proposed mechanisms of micellar transition in(a)
System A, (b)System B, and (c) System B with diol
compounds. Reproduced from Ref. 28 under terms
of the CC-BY license.

System A, 3FPBA reversibly binds to NaSal, and this
complex formation leads to a decrease in viscosity upon
the addition of 3FPBA. In System B, in addition to diol
compounds such as Fru, 3FPBA also reversibly binds to
diol compounds (Fru, Sor, or Glc). The viscosity increase in
System B upon the addition of the diol compounds likely
results from the competitive formation of a cyclic ester
bond between 3FPBA and the diol compounds.

The mechanisms of structural transition in the micellar
system are discussed below. In System A, cetyltrimethyl-
ammonium (CTA ") interacts with the salicylate anion
(Sal”)*? which weakens the electrostatic repulsion
among the cationic parts of CTA" (Fig. 6a). This leads to a
tighter packing of CTA" and consequently, the formation
of WLMs. The ionized 3FPBA does not strongly interact
with CTA" in the CTAB/3FPBA micellar system'® (Fig. 2b).
Unexpectedly, SFPBA/Sal-ester is proposed to interact
with CTAB in System B based on the results of an NMR
study28>4 The effect of the interaction of 3FPBA/Sal-ester
with CTA" on the packing state is likely different from that
of free 3FPBA or Sal™ (Fig. 6b). As a result, the WLMs
were shortened, and the viscosity of System B decreased.
When cis-diol compounds (Fru, Sor, or Glc)were added to
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System B, 3FPBA bound to Sal competitively combined
with the cis-diol compounds. This decreased the amount of
3FPBA/Sal-ester interacting with CTA" and increased the
amount of free Sal™ (Fig. 6¢). The newly formed 3FPBA/
Fru or Sor-ester did not strongly interact with CTA", and
free Sal” interacted with CTA". This lengthened the WLMs
and increased the viscosity of System B containing Fru,
Sor, or Glc.

3 Hydrogen Peroxide-responsive Micellar Systems

The addition of aromatic compounds to CTAB-based
spherical micelles is a typical method of forming WLMs*.
The addition of phenolic compounds to a spherical micelle
solution containing CTAB induces its transformation into
WLMs® ™ *_ As mentioned in the Introduction, PBA reacts
not only with diol compounds but also with H,0, (Fig. 1b).

The addition of H,0O, to the CTAB/PBA micellar system
converts PBA into phenol. However, it cannot induce
drastic micellar transitions because of the chemical and
physicochemical similarities between PBA and phenol.
Adding Fru to CTAB/PBA WLMs effectively decreases the
Viscositylg). This phenomenon inspired us to conclude that
the CTAB/PBA-Fru micellar system may exhibit a potential
increase in viscosity in response to H,O,. Namely, two types
of reactions on PBA are possible: (i) PBA can bind with Fru
reversibly to form a cyclic ester, and (ii) PBA can react with
H,0, to convert phenol. 3FPBA and 3-fluorophenol
(3FPhOH) were used as model compounds for PBA and
phenol, respectively.

System BA and System Fr are defined as the 0.1 M
CTAB/50 mM 3FPBA system and 0.1 M CTAB/50 mM
3FPBA/0.2 M Fru system, respectively. Phosphate buffer
(pH 7.4, 0.6 M)was used as the solvent. The system of 0.1
M CTAB/45 mM 3FPhOH, System BA, and System Fr with
40 mM H,O, behaved in a gel-like manner; these samples
did not rapidly flow when inverted in glass vials (Fig. 7). In
comparison, System Fr behaved as a sol and rapidly flowed
down when inverted.

. | ]
o — Ty . L:‘_

¢

mEET

System Fr +
40 mM H,0,

0.1 M CTAB/ System Fr

45 mM 3FPhOH

System BA

Fig.7 Photographs of 0.1 M CTAB/45 mM 3FPhOH,
System BA, System Fr, and System Fr with 40 mM
H,0,. Reproduced from Ref. 29 with permission
from Elsevier.
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Fig. 8 Dependence of viscosity (17) on steady shear rate () in (a) 0.1 M CTAB/3FPhOH system, (b) System BA, and (c) System
Fr with H,0,. Reproduced from Ref. 29 with permission from Elsevier.
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Fig.9 (a)Relationship between n, and 3FPhOH
concentration in 0.1 M CTAB/3FPhOH system, (b)
relationship between 7, and H,O, concentration in
System Fr with H,O,. Reproduced from Ref. 29
with permission from Elsevier.

In this section, the viscosity characteristics of the pro-
posed system are described. Consistently higher n values
(132.1, 80.0, and 77.8 Pa-s)were obtained for the system
of 0.1 M CTAB/45 mM 3FPhOH, System BA, and for System
Fr with 40 mM H,0,, respectively, at lower y values (Fig. 8).
The n values remained constant at a low y but began de-
creasing past a certain point of 7. These rheological charac-
teristics have also been observed in typical WLMs™ %),
These rheological behaviors indicate that the structure re-
covers rapidly when a low shear is applied to the sample.
For System BA and System Fr without H;O,, the n, values
are 80.0 Pa-s and 2.0 mPa-s, respectively (Fig. 8b, 8c).
Thus, for System BA, 7, decreased drastically to 1/40,000
upon adding 0.2 M Fru. This is in line with the previous
report stating that Fru is effective at decreasing the n, of
the CTAB/3FPBA micellar systemm. The 7, increased with
increasing 3FPhOH concentration in the 0.1 M CTAB/
3FPhOH system (Fig. 9a). With 45 mM 3FPhOH, the
system showed a 5 % 10*-fold increase in 1, from 2.5 mPa-s
to 132.1 Pa-s. Similarly, n7, increased with increasing H,0,
concentration in System Fr, where 40 mM H,0O, induced a 4
x 10*fold increase in 7, from 2.0 mPa-s to 77.8 Pa-s (Fig.
9b).

(a)

OG' 45mM 3FPhOH

O G" 45mM 3FPhOH

/Pa

A G' 30 mM 3FPhOH

G G

< G" 30 mM 3FPhOH

10731072107 110° 10! 102

®/ rad-s!
0 G' 40 mM H20:
O G" 40 mM H:O:

/ Pa

0

, @

A G20 mM H20:

~r
7

< G" 20 mM H:0:

1073 10721071 10° 10¢ 10
o/ rads!

Fig. 10 Relationship between frequency and G’ or G” in
(a)0.1 M CTAB/3FPhOH system and (b) System Fr
with H,0,. The solid and dotted lines represent
the curve-fittings according to Egs. 1 and 2,
respectively. The symbols in these figures are
slightly modified from Ref. 29 with permission
from Elsevier.

This section describes the dynamic viscoelastic proper-
ties of the systems. G’ was less than G” at a low ;
however, G' was higher at a high o, and G fitted well to
the Maxwell model in both the 0.1 M CTAB/45 mM 3FPhOH
system and System Fr with 40 mM H,0, (Fig. 10). In con-
trast, in the system containing 0.1 M CTAB/30 mM 3FPhOH
and in System Fr with 20 mM H,0,, G' was less than G” at
alow o, although G’ was slightly higher at high  (Fig. 10).
Cole-Cole plots were used to confirm the formation of
WLMs. For the 0.1 M CTAB/30 mM 3FPhOH system, a
semicircle was not obtained (Fig. 11a). However, a perfect
semicircular structure was observed for the 0.1 M CTAB/45

615

J. Oleo Sci. 73, (4) 611-618 (2024)



R. Miki, T. Yamaki, M. Uchida et al.

45 mM 3FPhOH
40 mM 3FPhOH
35 mM 3FPhOH
30 mM 3FPhOH

o> <o 0O
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G'/Pa

40 mM H:0-
30 mM H:0:
25 mM H:0:
20 mM H:0:

Oop ¢ 0O

0 10 20 30 40 50
G'/Pa

Fig. 11 Cole-Cole plot for(a)0.1 M CTAB/3FPhOH system
and (b) System Fr with H,O,. The dotted lines
represent the curve-fittings from Eq. 3.
Reproduced from Ref. 29 with permission from
Elsevier.

mM 3FPhOH system. No semicircle was observed for the
System Fr with 20 mM H,0, (Fig. 11b). In contrast, an
almost perfect semicircle was obtained for System Fr with
40 mM H,0,. Therefore, WLMs were formed in both the 0.1
M CTAB/45 mM 3FPhOH system and System Fr with 40
mM H,0..

The presumed mechanisms of the micellar transition are
shown in Fig. 12. The pK, of 3FPhOH is 9.39*”. Thus,
neutral SFPhOH is dominant compared to the ionized form
at pH 7.4 in the 0.1 M CTAB/45 mM 3FPhOH system. In
general, aromatic compounds, including phenolic com-
pounds, interact with CTAB via cation—r interactions'™ * .
Thus, 3FPhOH also interacts with CTAB in the 0.1 M
CTAB/45 mM 3FPhOH system (Fig. 12a). As shown in Fig.
6a, the cation—r interaction between CTAB and the aro-
matic rings weakens the electrostatic repulsion between
the cationic parts of CTAB. Thus, the CTAB packing
becomes tighter, which induces a micellar transition from
spherical to worm-like structures'” " *¥ In addition,
3FPBA reversibly bonded to Fru in System Fr. The SFPBA-
Fru ester did not strongly interact with CTAB" (Fig. 12b).
Thus, the cationic groups of CTAB repelled each other
more strongly than those in the CTAB/3FPhOH system.
This led to a change in the packing state of CTAB and the
transformation from WLMs to spherical micelles. When
H,0, was added to System Fr, the 3SFPBA-Fru ester con-
verted to 3FPhOH and the borate ester in System Fr(Fig.
12¢). Owing to this change, the amount of 3FPhOH in-
creased, and the repulsive force of the cationic parts of
CTAB became weaker. This tightened the packing state of
CTAB and induced the transformation from spherical mi-
celles to WLMs.
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Fig. 12 Proposed mechanisms of micellar transition in (a)
0.1 M CTAB/45 mM 3FPhOH system, (b)System
Fr, and (c) System Fr with H,0,. Reproduced from
Ref. 29 with permission from Elsevier.

4 Conclusion

This review presents two primitive types of stimuli-re-
sponsive micellar systems, whose viscosities increase upon
the addition of c¢is-diol compounds or H,O,. The changes in
viscoelasticity are attributed to micellar transitions, with
PBA or PBA derivatives being utilized in these systems as a
cis-diol or as a H,0, sensor. Rapid and reversible PBA ester
formation/disassociation is desirable in smart micellar
systems. In the CTAB/NaSal/3FPBA system, the increase in
viscosity with the addition of cis-diol compounds results
from competitive cyclic ester bonding between 3FPBA and
the diol compounds.

Phenol moieties are used in a variety of chemical prod-
ucts, such as medicines, disinfectants, dyes, and plastics.
Thus, the reaction that generates phenolic compounds in
addition to H,O, in PBA derivative/Fru-ester micellar
systems has the potential for wide applications. Cation—n
interactions between the cationic parts of CTAB and the
benzene rings of the aromatic compounds are important
for the formation of WLMs in these systems.

Despite the promising properties of these systems, there
are several future challenges for their use in pharmaceuti-
cal and biological applications, such as in drug delivery
systems and cell engineering. For example, a significant
improvement in the Glc responsiveness is required for diol-
responsive micellar systems. Additionally, the use of bio-
compatible components, such as lecithin or cholic acid, is
expected to replace CTAB in stimuli-responsive micellar
systems, as CTAB is not a biocompatible surfactant. There-
fore, further studies on stimuli-responsive micellar systems
containing PBA moieties are required.
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